In this letter we consider two different models of our present universe which is suffering a late time acceleration. The former model considers the universe to be homogeneously filled up by Generalized Chaplygin Gas which is interacting with barotropic fluid. On the other hand, the latter model considers that the cosmic acceleration is generated by Modified Chaplygin Gas which is interacting with matter depicted by barotropic equation of state. For both the models we take the interaction term to vary proportionally with Hubble's parameter as well as the barotropic matter's energy density. We find an explicit functional form of the energy density of the cosmos which is found as function of different parameters like scale factor, dark energy and barotropic fluid's EoS parameters, interaction constants and other constants like interacting constants etc. We draw curves of effective EoS-s, different cosmological parameters like deceleration parameter q, statefinder parameters r and s with repect to the redshift z (for different values of dark energy and barotopic fluid parameters) and study them thoroughly. We have pointed out the particular redshift for which the universe may transit from a deceleration to acceleration phase. We tally all these values with different observational data.
Introduction
Recent contents of redshift and luminosity-distance relations of type Ia Supernovae (SNeIa) [1, 2, 3] specify that the extension of the universe is accelerating [1, 2, 3, 4, 5] . To support such a late time acceleration we need to modify existing theory of gravity and stress energy present in space time. This speculates that the universe is possibly dominated by a smooth energy component with negative pressure. To obtain the cosmic acceleration the pressure p and the energy density ρ of the universe should violate the strong energy condition 3p + ρ > 0. The matter responsible for such cosmic acceleration is referred to as Dark Energy (DE) [7, 8, 9] . In addition, measurements of the cosmic microwave background (CMB) [10] as well as the galaxy power spectrum also indicate that the existence of the DE. From the Wilkinson Microwave Anisotropy Probe (WMAP) satellite observation, we know that DE, dark matter (DM) and the usual baryonic matter occupy about 73%, 23% and 4% of the total energy budget of the universe, respectively. There are different proposed candidates to play the role of DE. The most traditional candidate is a nonvanishing cosmological constant Λ [11] which can also be thought of as a perfect fluid satisfying the equation of state p = −ρ and it suffers from conceptual problems such as fine-tuning problem and coincidence problem [12] . A number of viable models for DE also have been constructed. Some of the scenario are Quintessence [13, 14] , Chameleon [15] , K-essence [16, 17] etc. which is based on earlier work of K-inflation [18] , modified gravity [19, 20] , Tachyon [21] arising in string theory [22] , Quintessential inflation [23] and Chaplygin gas (CG) etc. which attempt to unify DE and DM under one system by allowing for a fluid with an equation of state (EoS) [24] is p = − B ρ , B > 0 which evolves between the two exotic fluids [24, 25] and the Generalized Chaplygin gas (GCG) [26, 27] with the exotic equation of state, i.e., p = − B ρ α , where 0 < α ≤ 1. Negative pressure leading to an accelerating universe can be obtained in CG cosmology [24] . CG behaves as pressureless fluid for small values of the scale factor and as a cosmological constant for large values of the scale factor which tends to accelerate the expansion. Also, the GCG model can be extended to the Modified Chaplygin Gas (MCG) model [28, 29, 30 ] p = Aρ − B ρ α , where A and B are positive constants and 0 < α < 1, which interpolates between standard fluid at high energy densities and CG fluid at low energy densities and can also describe the current accelerating expansion of the universe. Various other modifications of CG have appeared in the literature such as 1 promilabiswas8@gmail.com 2 biswas.ritabrata@gmail.com variable CG, holographic and interacting holographic CG, viscous CG models etc amongst others, however, each one of them comes with both merits and demerits as far as cosmology is concerned. Generalized Cosmic Chaplygin Gas [31] , [32] (GCCG) was introduced in 2003 which can be made to be stable and free from unphysical behaviours even when the vacuum fluid satisfies the phantom energy condition, which is the striking factor of this model. The EoS of GCCG is p = −ρ −α C + (ρ 1+α − C) −w where, C = A 1+w − 1, with A being a constant that can take on both positive and negative values and −L < w < 0; L being a positive definite constant, which can take on values larger than unity.
In the present work, a flat Friedmann-Lemaitre-Robertson-Walker (FLRW) universe has been considered and assumed to be filled with two fluids i.e. GCG or MCG and a barotropic fluid with EoS p = wρ, w is constant. Our investigation has been primarily focused on the dynamics of the coexistence of the fluids in the presence of an interaction term proportional to the Hubble parameter times the DE density. This class of interaction terms generally appears in the interacting holographic dark energy (HDE) model. In the absence of interaction, there exists no scaling solutions owing to the fact that the EoS of MCG decreases with scale factor while the dark matter (DM) EoS remains constant. Moreover, their effective EoS could also cross the phantom barrier. However, their form of interaction failed to produce an analytic solution which is necessary to obtain in order to have a clear and a nice picture of the cosmological model concerned.
Our paper is organized as follows : in section 2 we describe the basic equations that govern a flat FLRW universe filled with GCG or MCG and barotropic fluid. Next, it is concerned with the cosmological implications of considering interactions between GCG and barotropic fluid. Then, we describe the similar way of interactions between MCG and barotropic fluid and the corresponding graphs are also plotted for it. Finally, we conclude our letter.
Mathematical Formulation of the Paper
We consider a flat FLRW universe governed by the metric
where a(t) is the scale factor of the universe. Assuming a perfect fluid having energy-momentum tensor given by,
(u µ is the 4-velocity of the fluid). Here, we have assumed that 8πG = c = 1. The Friedmann equations can be obtained as
respectively, where H is the Hubble parameter defined by H =ȧ (t) a(t) , ρ is the total energy density of the universe and p is the pressure term. Without any loss of generality, using the above equation, one can obtain the energy-momentum conservation equation as,ρ
Since we shall be working with a two-fluid system at a time, i.e., first we will show the interactions between GCG and barotropic fluid and then MCG and barotropic fluid. The total energy density ρ and the total pressure p can be written as
and
where p d and ρ d represent, respectively, the energy density and pressure due to DE which is considered to be GCG (EoS:
A is a positive constant), and the corresponding quantities with suffix m are due to the matter field which we shall assume to be a barotropic fluid with EoS given by p m = w m ρ m , w m ≥ − 1 3 is a constant. Using (6) and (7), we get from (3) and (4),
The lower bound on w m assures that the barotropic fluid does not violate the strong energy condition.
Interacting Chaplygin Gas with Barotropic Fluid
We shall now study the implications of considering interaction between matter (barotropic fluid with constant EoS) and GCG sectors.
Interactions between DE and DM has some important consequences such as in alleviating the coincidence problem [34, 35, 36, 37, 38, 39] , among others. The coincidence problem can be solved if DE decays into DM [40] , thus reducing the difference between the densities of the two components through the evolution of the universe. Then the interaction term between the GCG and the barotropic fluid is taken as the following form [35, 40] 
. Therefore, if GCG is assumed to decay into matter, then under the above form of interaction, the conservation equations are as follows,ρ
as p m = w m ρ m then from (11) we get,ρ
Generalised Chaplygin Gas With Barotropic Fluid
The EoS of GCG is p = − B ρ α with B > 0 and 0 < α < 1 and the EoS of the barotropic fluid is p = wρ. Then, from (10) we get,
, where B is constant, B ′ is integrating constant. For easier we will write C avoiding B
′(1+b
2 )(1+α) . Now, putting (11) and multiplying both sides of the equation by a 3(1+wm) , ρ m can be evaluated as
where B, C are constants and C ′ is integrating constant and where 2 F 1 [y 1 , y 2 , y 3 , x] is known as the Gauss's hypergeometric function [44] . Then from (6) we have
and from (7) we get ,
The variations of the DE density
, the effective EoS parameter w ef f = p ρ and the deceleration parameter q = 3 2 (1 + p ρ ) − 1 for this interacting scenario can also be easily constructed using Eqs. (15) and (16) . w ef f is plotted with respect to z for GCG in Fig. 2 . For w = 1 3 , i.e., radiation case, we observe that the w ef f is positive but constant for positive z and at present time's neighbourhood. It starts to reduce and in future it becomes negative but constant. This future w ef f constant line is however stays higher than the w ef f = −1 line. This signifies that the w ef f is reaching near to the phantom barrier in future.
For pressureless dust working together with GCG, we see a slowly decreasing line with time. This is very small and positive in past whereas small but negative in future. For w m = − 1 3 , i.e., for a matter exerting negative pressure (particularly at quintessence barrier) but we observe just the opposite. The past shows a negative w ef f whereas the future w ef f is positive saying that if GCG is working with a negative pressure exerting exotic matter, it is not at all negative pressure exerting anymore.
The deceleration parameter has almost the same nature as the w ef f has. This is plotted in GCG Fig 3. Using the same set of values for the free parameters, we have plotted the variation of the fractional energy densities of DE Ω d = for Fig. 4(a) , Fig. 4(b) and Fig. 4(c) respectively. The solid line is Ω d and the dashed line is for Ωm.
. The new feature of the statefinders is that they involve the third derivative of the cosmological radius. These parameters are dimensionless and allow us to characterize the properties of DE. Trajectories in the (s − r)-plane corresponding to different cosmological models, for example ΛCDM model diagrams correspond to the fixed point s = 0, r = 1.
We have also calculated the redshift of transition from deceleration to acceleration, z da = −0.32 for w m = Plots of s vs r for interacting cases of GCG are given in 5(a) − 5(c). We observe that the increasing r branch dominates mainly for interactions with w m = 0 and w m = − 1 3 cases.
Modified Chaplygin Gas With Barotropic Fluid
It has already been mentioned earlier that an interacting MCG model was considered in the literature [33] , nevertheless, analytic solutions for the continuity equations could not be determined assuming an interaction of the form Γ = 3 Simon, Verde and Jimenez [48] determined nine H(z) data points in the range 0 ≤ z ≤ 1.8 by using the differential ages of passively evolving galaxies determined from the Gemini deep deep survey and archival data. Another set of H(z) data at eleven different red shifts based on the differential ages of red-envelope galaxies were reported by Stern et. al [49] where three mere H(z) data points were obtained by Gaztanaga, Cabre, and Hui [50] . 4 Union two set of 557 SNeIa from supernovae cosmology is used [51] F ig. 5(a) respectively.
Here, the authors of [33] performed a phase-space analysis and obtained a stable scaling solution at late times with the universe evolving into a phase of steady state. Since there is no microphysical hint on the nature of interactions between GCG and matter, we are bound to consider a phenomenological form of the interaction term. From the equation (10) and the EoS of MCG we get,
where A and B are constants and B ′ is the integrating constant. Now, putting the above expression for ρ d in (11) and multiplying both sides of the equation by a 3 (1 + w m ), the matter density ρ m can be evaluated as,
with the new integrating constant C. Note that for a prescribed matter EoS w m , Our model consists of free parameters -the MCG parameter A, B, the coupling parameter b 2 , the integrating constant B ′ and C ′′ . If one hampers, then ΛCDM has one free parameter(Ω m0 ), while the most discussed dynamical DE model, ΦCDM 5 has two free parameters (Ω m0 and α) [42, 43] . In this interacting MCG model, the two integrating constants B ′ and C ′′ can be fixed so that we shall also be left with only three free parameters, A, B and b 2 . Due to a high degree of nonlinearity in the expressions, it is very difficult to identify the relations of parameters with those occurring in the more well-known DE models. Now, the explicit expressions for the total energy density ρ and the pressure p can be written as (15) and (16) . For further uncomplication we will use B ′′ instead of B
′(1+A+b
2 )(1+α) . We do not write them explicitly in order to avoid unnecessary expansion of the manuscript. Since the above expressions are quite complicated, it is very difficult to analyze the present model analytically.
Instead, the variations of the relevant parameters, like w d , w ef f and q against the redshift z have been presented in Figure 1 , Figure 2 and Figure 3 repectively. respectively.
z moves towards zero, w d decreases and in future, i.e., when z is negative, the values of w d becomes asymptote with the w d = −1 line. This says that in past also DE have relative pressure but as the universe did energy with time, the negativity in pressure increased and in future this turns to be phantom fluid or to touch the phantom barrier line making p = −ρ. Fig. 7 is the variation w ef f with respect to z. If the EoS for matter is taken to be equal to 1 3 , we see the effective EoS becomes positive in future. Though in past it stays negative. In a intermediate z = z crit , we see a local minima to be obtained. the future positiveness may be caused due to a together effect of radiation and DE. But if we consider w m to be zero, i.e., pressureles dust, we observe it to stay negative throughout. But it reaches to a local minima at z = z crit . w m = − 1 3 is a negative pressure exerting object and for the consideration of w m = 1 3 , we see extreme negativeness of it in both past and future. w ef f shows a local minima at z = z crit . But two local maximas are obtained at z = z crit 2 and z = z crit 3 , where z crit 3 < z crit < z crit 2 .
The above graphs of the DE density w d , the effective EoS w ef f and the deceleration parameter q against the redshift z. The dashed, thicked, solid curves are corresponding to w m = 0, , i.e., when the matter is following quintessence barrier line or the strong energy condition terminally q starts its journey with a negative value in the past. Then it increases and becomes positive. After reaching a local maxima it again decreases and becomes negative and starts so far the z < z crit 1 region. In Fig. 9(a) we have plotted respectively.
In Fig. 10 (a) we have plotted s vs r for MCG interacting with radiation. We observe that r decreases with the increment of s at first and then after reaching a local minima increases again. The rate of decrease and increase both are more if we consider the interaction of dust with MCG which has been shown in Fig. 10(b) . Finally we draw Fig.  10(c) where interaction of MCG with fluid with EoS w m = − 1 3 is considered. We note that the decreasing r vs s branch dominates.
Conclusion
In this paper, we have considered two different dark energy models namely GCG and MCG which are interacting with matter. Very particularly three equations of state are notified. Explicit expressions of the densities as a functions of scale factor are derived. They are given by p m = 1 3 ρ m , p m = 0 and p m = − 1 3 ρ m . The interaction term is taken to be proportional to the density of the dark matter and the present time Hubble's constant. We have plotted w dthe dark matter EoS, w ef f -total effective EoS, q -deceleration parameter with respect to z in both the cases. The interrelation of the statefinder parameters r and s is also plotted for both GCG and MCG. We have found difficult values of the cosmological parameters when our universe is turning from a deceleration phase to acceleration phase. We find the values of dimensionless density parameters from our models when the universe is turning from a accelerating to decelerating phase. It is to be noted that these values are nearly located to the observational values.
